The purpose of this research study was to develop an improved very early strength (VES) concrete mix for highway construction.
Introduction
As the most densely populated state in the nation, New Jersey is continually challenged by traffic congestion on its principal roadways and arteries. The situation is aggravated by repair operations, which can quickly bring traffic to a halt. Over the years, the New Jersey Department of Transportation (NJDOT) has tried a variety of methods to reduce the time associated with the repair of concrete pavements, to help reduce traffic congestion. For example, in 1996, the NJDOT approved the use of a very early strength (VES) concrete for roadway joint repairs [1, 2] . The goal was to close a highway lane in the evening, perform the required repairs, and open the lane to traffic by the morning rush.
The attributes of concrete [1] [2] [3] [4] [5] established by NJDOT for satisfactory VES pavement performance are as follows:
• provide a more economic construction and maintenance cost; • achieve modulus of rupture of 350 psi ͑2. 4 MPa͒, approximately corresponding to a compressive strength of 2250 psi ͑15.5 MPa͒, within 6.5 h after finishing; • use locally available materials with normal aggregate gradations; • use non-chloride accelerators as admixtures; • attain sufficient workability for placement and finishing operations. The VES concrete approved for use in 1996 was originally intended as a joint patching material, which was soon to be overlaid with asphalt. However, within a year, several miles of Interstate Highway 295 (I-295) were paved with VES for regular pavement construction on the NJDOT project. Two major technical problems were observed in this first VES pavement project [1, 3, 4] . First, transverse cracking was observed in the 78-foot (23.77-meter) long slabs at intervals of around 25 feet ͑7.62 m͒. Second, the concrete curing temperatures reached a relatively high level. Subsequent to the I-295 project, "fast-track" concrete has also been applied to the construction of exit ramps, streets, and parking lots, and its use can only be expected to multiply. Thus, there is a need for a VES mix that has a reduced possibility of cracking.
Objective
The overall objective of this research study [5, 6] was to develop a modified VES concrete mix with reduced shrinkage and cracking potential, while maintaining or improving the rapid strength gain associated with VES. Shrinkage cracking is primarily the result of volume changes associated with water loss, and, generally, the less water there is in a mix, the lower the tendency for cracking. By reducing the amount of cement in the mix while keeping the watercement ratio constant, the overall effect is to reduce the overall amount of water in the mix. Another way to reduce shrinkage is to use a larger aggregate since a larger aggregate reduces the need for cement paste. The principal question was whether concrete with a significantly reduced cement factor could still achieve the required strength in the allotted time.
Optimization of a concrete mix is a process of balancing conflicting demands. Consideration must be given to its end use, placeability and workability, ultimate strength and durability, weight, color, and cost. For the purposes of this research, optimization of "fast-track" concrete means controlling shrinkage cracking without sacrificing rapid strength gain, while still maintaining satisfactory workability.
In view of the urgency to reopen traffic, an additional objective of the research study was to produce recommendations for a simple test method to quickly and reliably assess concrete strength. An inplace test method was desired since standard test cylinders do not include the effects of placing, compacting, and curing. The ASTM
Research Approach
The first task was to see how much cement could be removed while maintaining the rapid strength gain required by VES. A series of mixes were formulated to test the effects of cement content, accelerator dosage rate, and aggregate type. The original VES mix with a cement content of 799 lb/ yd 3 ͑474 kg/ m 3 ͒ served as the control. For each mix, at least three samples were made to investigate strength, shrinkage, and maturity parameters. Mixes with cement contents ranging from 611 lb/ yd 3 ͑362.5 kg/ m 3 ͒ to 705 lb/ yd 3 ͑418.3 kg/ m 3 ͒ were examined at increments of 47 lb/ yd 3 ͑27.9 kg/ m 3 ͒. As in the previous study in 1998 [3] , the cement type I remained constant.
Next, for successful or near successful mixes, the maturity parameters were determined. For each mix the compressive strengths of concrete cylinders were plotted against the maturity at the time of the test using the accepted datum temperature of 6.5°C (43.7°F) in order to establish a strength-maturity relationship. This relationship is used to predict the concrete strength for future field applications of that particular mix. The datum temperatures for the control mix and the selected mixes were determined using the methods recommended in ASTM C 1074 (Ref. [7] ) to check the use of the accepted value.
Determination of the strength-maturity relationship for "fasttrack" concrete involves focused activation energy Q for several hours. Since the hardening accelerator does not affect the setting time of a mix, final set normally occurs within 3 h to 4 h. After final set, the temperature spikes as much as 45°C (113°F) in a couple of hours. A compressive strength buildup of 2000 psi ͑13.8 MPa͒ is often seen within 1 h. A compression testing indicates when the beams may have reached the target strength. There is a flurry of activity for a couple of hours during which as many as a dozen cylinders and several beams are tested in rapid succession.
The free shrinkage characteristics of the selected mixes were also examined. The control mix and the most promising proposed mixes were evaluated for drying shrinkage under both unrestrained and restrained shrinkage tests. Companion prisms were cast to measure unrestrained shrinkage, while testing rings were ultimately cast to evaluate restrained shrinkage. Free shrinkage was measured utilizing ASTM C 490 (Ref. [8] ) while the ring testing was conducted using procedures found in the literature [8] . Two stone types, #467 and #57, nominally 1.5 inch ͑3.81 cm͒ and 0.75 inch ͑1.91 cm͒, respectively, were utilized to investigate the shrinkage reduction potential.
Field samples of VES concrete were collected from two slabs being cast at an ongoing NJDOT construction project to verify the correlation of unrestrained shrinkage between the laboratory and the construction field. In order to capture the field curing conditions, specimens of concrete and sieved mortar were made at the construction site and then placed on the top of the pavement slab along with the verification beams. After conducting flexural strength tests at 5 and 6.5 h, the unrestrained shrinkage specimens were removed from the molds and the initial length measured. Within 3 h after initial measurement, the specimens had been carefully transported to New Jersey Institute of Technology (NJIT) and placed into the humidity controlled curing room for further evaluation.
Testing Program
More than fifty mixes were proportioned and tested during the study. Eventually, four mixes, all able to meet VES requirements, were chosen for further evaluation. The mix proportions for those mixes are summarized in Table 1 . Further information on testing details and results is included in Hsu et al. [5] and Punurai [6] , respectively.
For each mix, twenty of 4 ϫ 8 in. ͑10ϫ 20 cm͒ cylinders, four of 6 ϫ 6 ϫ 22 in. ͑15ϫ 15ϫ 56 cm͒ beams, four of 1 ϫ 1 ϫ 11.25 in. ͑2.5ϫ 2.5ϫ 28.6 cm͒ mortar bars, four of 2 ϫ 2 ϫ 11.25 in. ͑5.1 ϫ 5.1ϫ 28.6 cm͒ concrete bars and seventy two of 2 in. ͑5.1 cm͒ mortar cubes were cast following the procedures of ASTM C 192 [8] and ASTM C 490 and ASTM C 109. Thermocouples were embedded in the center of two of the cylinders and two of the beams to measure the temperature for the maturity calculations.
All the specimens were placed into a 73.4°F (23°C), 100 % relative humidity curing room meeting the standards of ASTM C 511 [8] . The cylinders were cured in an insulated chamber. The beams were packed close together outside the chamber. All were covered with a standard construction thermal blanket to reduce the heat loss and achieve semi-adiabatic temperature conditions. The cylinders were tested for compressive strength at ages of 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5 h, 1 day and 28 days to develop the compressive strengthmaturity relationship for that particular mix.
After testing, the broken samples were returned to the other curing samples to preserve as much of the heat of hydration as possible. The beams were tested in accordance with ASTM C 78 [8] when cylinder tests indicated a compressive strength of approximately 2250 psi ͑15.5 MPa͒ or 7 h after finishing the mixing operation, and then at 1 day and at 28 days.
When the required flexural strength had been achieved, the shrinkage bars were removed from their molds and a warm reading of the bars was made. The initial length reading was made at 24 h, as required by ASTM C 490 [8] after cooling with the rest of the samples. The mortar cubes were also demolded at this time and placed into the required water baths following the instructions of ASTM C 1074 [8] for the determination of the datum temperatures and activation energies.
Results of Selected VES Mixes
The fresh concrete properties of the four-selected test mixes are shown in Table 2 . Mix No. I, the control mix, had the highest slump of all the mixes at 5 in. ͑12.7 cm͒. Slumps of mix Nos. III and IV were somewhat lower at 3.5 in. ͑8.9 cm͒ and 3 in. ͑7.6 cm͒, respectively, but the workability was adequate. Thus, an adjustment to the water reducer dosage should bring the slump of these mixes to acceptable levels. The measured air content of the mixes ranged be- The VES behavior of these mixes comes from the use of Sika Rapid-1 hardening accelerator. Since the accelerator does not start working until after the final set, the final set became a matter of interest since it was found that the initial mix temperatures greatly affected the final set time. Thus the initial mix temperature for all mixes was controlled at 82.4°F (28°C). All four mixes reached the final set in about 5 h.
Tensile and compressive strengths for the four mix designs are summarized in Table 3 . The required tensile strength of 350 psi ͑2.4 MPa͒ was reached after 6.5 to 7 h for all the mixes. The compressive strength development of the mixes over time is seen in Fig.  1 , which shows that all exceeded a compressive strength of 2500 psi ͑17.2 MPa͒ within 7 h of mixing. Figure 1 displays the strength development of the selected mixes up to one day. All the mixes exhibit compressive strength around 3000 psi ͑20.7 MPa͒ at 7 h. Mix Nos. II and III had identical cement contents except Mix No. III used the larger type #467 stone (1.5 in. or 3.81 cm) and Mix No. II used type #57 stone (0.75 in. or 1.91 cm).
Figure 1 also shows that Mix No. I attained a higher 6.5 h strength than the other mixes, probably due to its higher cement content. The strength gain during the setting period is minimal, reaching a compressive strength of only about 100 psi ͑6.9 MPa͒. It was observed that the rate of compressive strength gain increases sharply after the final set for all mixes. This was attributed to the hardening admixture, which begins acting only after the final set. The rate of the strength gain after 7.5 h for Mix No. I is lower than the other mixes. This is because the hydration of Mix No. I occurs faster but less efficiently than other three mixes at early age. Consequently, there was less potential for hydration at later ages and less additional strength gain after the first several hours. Figure 2 compares the compressive strengths of the mixes to 28 days. Mix No. IV developed the least strength initially, because of its lower cement content, but ultimately it gained the highest compressive strength at 28 days. In spite of its VES performance, Mix No. IV was not selected as the final design mix on account of harshness. This problem should be correctable with additional trials.
As part of the testing program, maturity related observations were made on a field application of VES to assure that the laboratory control mix exhibited properties that closely resembled that of the field mix. Mix No. II was used for the field mix. The test results for the field mix are shown in Table 4 . Significant shrinkage related observations were also made.
In addition to showing that test mixes could achieve the target strength in the required amount of time, the testing program also established the strength-maturity relationship, as well as measured the free shrinkage in mortar and concrete and the datum temperatures for each mix.
Results of Unrestrained Drying Shrinkage Testing
The results of the unrestrained shrinkage testing are presented in Fig. 3 , which compares the current 799 lb/ yd 3 ͑474 kg/ cm 3 ͒ of cement control mix to the 658 lb/ yd 3 ͑390.4 kg/ m 3 ͒ and 611 lb/ yd 3 ͑362.5 kg/ m 3 ͒ mixes with type #57 (0.75 in. or 1.91 cm) stone cured under the same conditions. The 799 lb/ yd 3 ͑474 kg/ cm 3 ͒ mix is the one from the Route 1&9 North (New Jersey) project (see Table 4 ), and the 658 lb/ yd 3 ͑390.4 kg/ m 3 ͒ mix was the laboratory Mix No. II that reached the target strength in 6.5 h. Also, the 611 lb/ yd 3 ͑362.5 kg/ m 3 ͒ Mix No. IV was the laboratory mix that arrived at the target strength in 6.5 h. As expected, the mixes with III with the larger stone, sample CA and CB, shrank 45 % less than Mix No. II with the smaller stone, represented by C1 and C2. A 93 % reduction of free shrinkage was achieved using the type #467 stone over the control mix which used the type # 57 stone.
Samples of VES concrete collected from the field for the Route 1&9 North as listed in Table 4 (NJDOT Project No. 230) were also tested for free shrinkage. The contractor used Mix No. I, the control mix, on this project, which is labeled Mix No. I 799 F in Fig. 3 . Inspection of this figure reveals that there is reasonable correspondence between the shrinkage behavior of the laboratory control mix and field mix. Additionally, the field mix actually shrinks 10 % more at 60 days of drying than the laboratory VES mix. The field mix was included for comparison only.
Results of Restrained Drying Shrinkage Cracking Using Ring Test
This section deals with the cracking potential due to drying shrinkage. The cracking is a complex process that depends on a large number of factors. The major parameters are (i) magnitude of drying shrinkage, (ii) tensile strain capacity of concrete, (iii) restraint that prevents free movement to accommodate shrinkage, and (iv) loading conditions that cause tension fatigue. A number of test setups have been developed in the past to measure the cracking potential of concrete [9] [10] [11] [12] . The ring setup was chosen to evaluate the rapid hardening concrete. It is because the ring specimens seem to have better potential because they can provide good restraint.
Ring specimens have been used by a number of investigators for evaluating fiber-reinforced cement composites under restrained drying shrinkage [12, 13] . Essentially, a ring of concrete is cast around a stiff steel ring, which is shown in Fig. 5(a) . As the composite shrinks, it induces stresses on the steel ring. Since the steel ring is stiff and undergoes very little deformation, the outer cement composite ring is subjected to tension. If the concrete ring is thin in relation to the internal diameter, then the stresses across the thickness can be considered uniform. The compressive stress developed at the interface between the steel ring and the concrete ring is also negligible. The researchers used various external diameters for steel rings.
The thickness of the cement composite was also varied depending on the composition of the matrix. Typically, thicker sections were used with concrete containing coarse aggregates. As mentioned earlier, this setup shows the most promise because of the uniform restraint provided by the steel ring. The restraining force is imposed by the steel ring across the perimeter of the concrete, instead of two or four locations as with linear and plate specimens. The method is described in details in Hsu et al. [5] and Punurai [6] .
The variation of stresses across the thickness of the concrete ring depends on the internal diameter of the ring. For the dimensions shown in Fig. 5(b) , the difference between the values of tensile hoop stress on the outer and inner surface is only 10 %. In addition to hoop stress, the concrete ring is also subjected to radial compressive stress when the steel ring exerts radial pressure. Since the diameter of the ring is relatively large, this radial compressive stress is only 20 % of maximum hoop stress. Since cement composites are an order of magnitude stronger in compression, the maxi- mum compressive stress in the ring is only about 2 % of the compressive strength. Hence, the effect of compressive stresses can be neglected.
The ring setup was chosen for the present experimental investigation. The primary variable was the mix proportion as shown in Table 2 . The following two mixes, namely Mix No. I and Mix No. II, were evaluated. The present test shows that the rings have not cracked. It is believed that the rings do not crack because the rapid hardening concrete gains sufficient tensile strength during the first five hours. This also results in very little loss of water and, hence, less drying shrinkage. Based on the performance of the rings, it is believed that, if proper care is taken during the first six hours to eliminate water loss from the concrete, the rapid hardening concrete can be proportioned to provide less shrinkage cracking than normal concrete.
Results of Maturity Testing
Investigations of the utility of the ASTM maturity method [7] have always utilized field observations, and this study was no exception. The use of VES concrete on the Route 1&9 North (New Jersey) project, as shown in Table 4 , was not really required since the roadway was closed for a whole week. The contractor took advantage of the long closure to cure the patches for the whole week, wetting the burlap used for curing every day, more frequently on the casting days. The result was very revealing: no cracking was observed even in the patches exceeding 20 feet ͑6.1 m͒. This observation coincides with the results of the ring test undertaken as part of this study by Hsu et al. [5] and Punurai [6] . After 90 days, none of the rings had cracked. This was attributed to sufficient curing in the initial stages before the removal of the molds. Even though the molds were removed in less than one day, this was enough curing time for the concrete to reach a tensile strength adequate to resist shrinkage cracking. Therefore, if time for standard curing is available for VES concrete, no change to the mix design is necessary to prevent cracking. Based on the ASTM maturity testing [7] , the following results can be observed:
(i) The datum temperatures determined for all the selected mixes ranged between 43.16°F (6.2°C) and 44.6°F (7.0°C). These values closely agree with each other and with the 43.7°F (6.5°C) value assigned and used since 1996 for New Jersey's VES concrete. The procedures and details can be found in Hsu et al. [5] , and Punurai [6] , respectively. The strengthmaturity relationships for the mixes also were similar. The target flexural strength of 350 psi ͑2.4 MPa͒ was reached at maturities averaging 170°C/hr (338°F/hr). This value, which is computed from the time of placement, is also in close agreement with the value of 160°C/hr. found in the 1996 study [1] . (ii) The Sika Rapid-1 strength accelerator works in such a way as not to affect the final set time. However, after final set strength gain progresses very rapidly. During preliminary testing, considerable difficulty was experienced achieving the target strength in the required amount of time. Ultimately, the problem was traced to a low initial mix temperature which lengthened the time to final set. Table 2 shows that an initial mix temperature of 82.4°F (28°C) was needed to achieve final setting in about 5 h, as measured by ASTM C 405 [8] . Virtually all the required very early strength is developed in the next 1.5 h. Concrete strength is a statistical expression. Due mostly to its non-homogeneous nature, samples of the same concrete can yield considerably different strength values. Therefore, it is standard practice to specify strength in such a way as to get the required strength 90 % of the time. Several ways of verifying this specification are given in ACI 228, "In-place Methods to Estimate Concrete Strength," which covers the maturity method. The easiest of these methods is the tolerance factor method. To apply this method one selects a level of confidence, 75 % is typical, and then, based on the number of tests available, one is able to select a tolerance factor for 10 % defective level. This value is multiplied by the standard deviation of the tests and added to the required strength. The result is the strength that needs to be specified. Based on the tests available above, if the whole population is used, the specified strength would be 512 psi ͑3.5 MPa͒; if the group above 81°F (27.2°C) is used, then the specified strength would have to be 435 psi ͑2.99 MPa͒. These values should be compared to the 390 psi ͑2.69 MPa͒ currently required as the proof strength by current NJDOT specifications.
It has been observed in previous studies that full-sized slabs can reach temperatures approaching 149°F (65°C) before reaching the target strength. Such temperatures dry the surface of the slabs, and steam can be seen rising when curing blankets are removed. Such moisture loss from the surface places the slabs at a high risk of cracking. For VES concrete, the curing period is limited to the amount of time needed to reach the required strength, hopefully, typically less than 6.5 h. Therefore, it is essential that measures to minimize moisture loss should be undertaken during that time.
Since there is concern that temperatures in excess of 140°F (60°C) are detrimental for concrete durability on account of temperature shrinkage, the following procedure is recommended during the curing period. If the temperature of the concrete exceeds 140°F (60°C), or if the surface of the slab curing under the thermal blankets has obviously dried, the blankets should be removed and water applied to completely wet the surface. After this, the blankets can be replaced for the remainder of the waiting period. Spraying of additional water onto patches after the pavement has been opened to traffic should be considered as well.
Summary and Conclusion
The overall objective of this research study was to develop an improved very early strength (VES) concrete mix with reduced shrinkage and cracking potential. In 1996, the New Jersey Department of Transportation (NJDOT) began using a VES mix that was cooperatively developed by NJIT, Rutgers, NJDOT, cement and admixture manufactures, and concrete suppliers and contractors for repair of joints in concrete pavements. Since that time, VES concrete has found its way into a variety of applications, including fullsized highway slabs. For these large-scale applications, it was quickly discovered that transverse cracks often developed in the slabs at intervals of approximately 25 ft ͑7.62 m͒. Although the problem was solved in the short term by installing contraction joints, it was decided to correct the cracking problem through adjustment of the VES mix design. This formed the impetus of the current research study.
The study commenced with a thorough literature review of VES design and construction practices. This was followed by an extensive laboratory testing program during which more than 50 mixes were blended and tested using the original VES mix as a control. The effects of cement content, accelerator dosage, and aggregate maximum size were studied for each test mix. In addition, shrinkage behavior was quantified with respect to the strength gain and maturity parameters. Certified NJDOT components were used for the mixes, and standard ASTM test methods [8] were followed.
Eventually, four mixes with cement contents ranging from 611 to 799 lb/ yd 3 (362.5 to 474 kg/ m 3 ) were selected for more detailed evaluation. Following an extensive series of tensile and compressive strength tests as well as shrinkage and maturity measurements, the optimum VES design mix shown in Table 1 was developed. According to this study, Mix No. II is currently recommended for concrete paving.
Test results showed that the optimum mix exhibited a 79 % reduction in the free shrinkage compared with the current design, yet it still achieved a modulus of rupture of 348 psi ͑2.4 MPa͒ and a compressive strength of 2230 psi ͑15.4 MPa͒ within 6.5 h after finishing. The basic strategy for optimization involved reducing the amount of cement without changing the water-cement ratio, thereby reducing the total amount of water in the mix. It was also found that, if larger aggregate could be used, the reduction in free shrinkage would increase to 93 %. It was further determined that the initial mix temperature needed to be at least 82.4°F (28°C) or higher in order to reliably meet the required flexural and compressive strength requirements at 6.5 h.
To reduce the potential for temperature cracking, a maximum allowable temperature of 140°F (60°C) is recommended. Additionally, VES repairs are opened to traffic when the concrete reaches the required strength so the curing period is very limited. Procedures for limiting moisture loss and adding supplemental water are recommended to control shrinkage cracking and improve durability.
The research study also recommends using the maturity method as is currently done, or other newly developed non-destructive testing methods to mark the readiness of flexural specimens for testing of sufficient pavement strength rather than waiting for 6.5 h.
